Abstract-In this paper, measured results for complex permittivity of some commonly used building walls under different hydration (wetness) levels are presented and a simple hybrid measurement and electromagnetic modeling approach for the estimation of power returns from targets located behind walls in various through-the-wall radar imaging (TWRI) scenarios is discussed. The radar cross section (RCS) of some typical targets of interest, such as an AK47 assault rifle and human, are first investigated in free-space using numerical electromagnetic modeling. A modified radar range equation, which analytically accounts for the wall effects, including multiple reflections within a given homogeneous or layered wall, is then employed in conjunction with wideband measured parameters of various common wall types, to estimate the received power versus frequency from modeled targets of interest. The proposed technique, which can be helpful in TWRI dynamic-range system design consideration, is, in principle, applicable to both bistatic and monostatic operations. The results for various wall types, including drywall, brick, solid concrete, and cinder block, the latter two under both wet and dry conditions, are presented.
INTRODUCTION
There exists much interest in the development of technologies, for both civilian and military applications, which are capable of imaging the interior of a building and subsequently identifying targets of interest, such as humans or weapon caches. Applications that can benefit from through-the-wall imaging and sensing include earthquake rescue, military surveillance, police and fire rescue operations, and hostile urban environment threat assessments. Of the many technologies that may prove useful in accomplishing the goals of through-the-wall systems, those employing electromagnetic (EM) waves, have been at the forefront of research in recent years [1] [2] [3] [4] [5] [6] [7] . The presence of walls adversely affects the ability of any conventional imaging technique to properly image targets enclosed within building structures. Recent work in the field of through-the-wall radar imaging (TWRI) aims to extend standard radar imaging techniques, such as imaging using synthetic aperture radar (SAR) [8, 9] , to account for the presence of the wall, as well as enhance imaging performance through the incorporation of wideband sensor technologies [10] .
Generally speaking, the ability of EM waves to penetrate a variety of building walls is at the core of TWRI systems. Although EM waves in the lower microwave bands can penetrate various common construction materials, such as brick, drywall, plywood, cinderblock, and solid concrete, the propagation through the wall can adversely affect the EM waves resulting primarily in attenuation and distortion due to dispersion [11] [12] [13] . Such wave distortions are further compounded when reinforcements, such as rebar, are present within the wall [14, 15] as well as when the wall material experiences high moisture level due to rain and or other environmental conditions. These distortions can cause errors in proper target radar cross section (RCS) registration during imaging. Effective approaches that achieve proper target RCS registration behind walls must exploit a detailed understanding of the radar phenomenology, in general, and more specifically, knowledge of the expected strength of the radar returns from targets of interest. In addition to understanding the wall phenomenology, imaging algorithms have been developed which can compensate for some wall effects through beamforming and autofocusing of targets inside enclosed structures under known [3, [16] [17] [18] or unknown wall scenarios [19] [20] [21] [22] [23] . The emphasis of the present paper, therefore, is not on imaging techniques but rather on wall parameter measurement and its effect on TWRI required dynamic range power.
Fundamentally, knowledge of the range of possible power returns from targets behind walls must be considered so that the radar system is designed with sufficient sensitivity to properly detect the targets of interest. Normally, to estimate a target's return power under various wall conditions, such as hydrated (wet) walls, rigorous testing must be performed for all targets of interest at different incident angle which is an expensive and time consuming endeavor. The objectives of this paper are therefore twofold: i) experimental characterization of the walls under various conditions, and ii) presentation of a simple method which employs a hybrid measurement and electromagnetic modeling approach for the estimation of power returns from targets of interest behind walls. Using the proposed method, it is possible to measure the walls under various conditions independent of a target and then determine its effects for any target of interest. This is a great savings in both time and cost during system development. The effects of various wall types and wall conditions, most notably hydration levels of solid concrete walls, on the received power of the target returns from several targets of interest including a human and an AK-47 rifle, are presented.
The paper is organized as follows. In Section 2, the constitutive parameters associated with various wall types are extracted using a free-space measurement technique. The reflection and transmission coefficients associated with each wall type are then determined for the measured constitutive parameters. Section 3 introduces a modified radar range equation, which analytically accounts for the wall effects, including multiple reflections within a given homogeneous or layered wall. The RCS associated with various targets, including a materialexact rifle and human model, are then calculated through the use of numerical electromagnetic modeling tools. The hybrid measurement and numerical approach is then used to estimate the received power versus frequency from the aforementioned targets for a concrete wall under various hydration levels. Section 4 contains the concluding remarks. Table 1 lists the five wall materials chosen for this study. The materials were chosen as a representative set of the most commonly encountered building materials used in modern wall construction. The material thicknesses were chosen based on the standardized dimensions of readily available building supplies. In the case of plywood and drywall, the materials were assumed to be freestanding and no supports were taken into consideration. In the case of brick, solid concrete, and hollow concrete (cinder block), it was assumed that no mortar or reinforcements were used in the wall construction. The constitutive parameters were measured using commercially available building products whose dimensions are specified in Table 1 . The free-space technique for measuring the complex dielectric constant as a function of frequency was chosen as the measurement regime. The free-space method uses two broadband antennas, one on either side of a slab of wall material, and a network analyzer in S-parameter configuration for measurements. This method is non-contacting and readily lends itself to the testing of building materials.
MEASURED WALL PARAMETERS

Measurement of Wall Constitutive Parameters
Transmit and receive horn antennas were placed 1 m away on each side of the material under test (MUT), as illustrated in Figure 1 . This distance was a compromise between far field conditions and illumination of the MUT by the antennas. In this setup, the Agilent Gated Reflect Line (GRL) Calibration [29] is used to first calibrate the test set-up and cables in the absence of the wall. The data was collected using an Agilent N5230A Network Analyzer and associated Agilent 85071E dielectric measurement software [29] over the frequency range from 1 to 3 GHz in 746 frequency steps. The Agilent software includes several algorithms to solve for the permittivity and permeability of the material under test. The key component of the free space measurement capability of the software is the ability to calibrate out unwanted responses from the test fixture designed to support the MUT as well as the test antennas. For this work, the Transmission model was chosen. The Transmission model assumes the material to be measured is nonmagnetic. In addition, as the measurement software indicates this model often converges to a solution when the other extraction models may fail, due primarily to the fact it only relies on the S 11 measurement to derive a solution. The Transmission model can compute multiple solutions when the phase shift through the test sample is greater than −360 • . This ambiguity can be resolved by providing the software with an estimate of the permittivity, ε r , which can be derived by using the time domain response to get an average time delay ∆τ through the material of thickness d as [30] 
where c is the speed of light. Figure 2 depicts the measured permittivity, ε r , and loss tangent, tan(δ), for the five building materials of Table 1 . For the inhomogeneous and composite materials, namely dry-wall and hollow concrete, Figure 2 represents the effective complex permittivity values for these walls assuming a homogeneous dielectric slab of the same thickness. The results in Figure 2 are in general agreement with those given in [31] for selected frequencies. Assuming the wall constitutive parameters are frequency independent, one can alternatively use the time-domain reflectometry technique in [32] , which is particularly useful for parameters estimation of unknown walls in TWRI field operation. The constitutive parameters were also measured for solid concrete and hollow concrete under various hydration (wetness) conditions. The wall was soaked completely so that the entire wall was evenly wet and the most water retention of the concrete was acquired. The constitutive parameters were then measured at different times during the drying period after no more water was being applied. The experimental measured data was collected at 0, 3, 6, 21, 25, 28, 30, and 47 hours. Figures 3 and 4 show the measured permittivity and loss tangent associated with the solid concrete wall and the hollow concrete wall at the various stages of hydration. As seen, under different wetness conditions, ε r and tan(δ) can vary significantly within the 1-3 GHz band. It is important to note that the dry solid concrete case in Figure 2 (measured before the wall was made wet) has a slightly different frequency profile when compared to the hydrated cases in Figure 3 . This is due primarily to the fact that even at the 47 hrs mark, the concrete still retained enough moisture to be not considered completely "dry". 
POWER ESTIMATION USING A HYBRID EXPERIMENTAL-NUMERICAL TECHNIQUE
Modified Radar Range Equation
In order to properly estimate the power return from targets within building structures, the effects of the walls must be taken into account. Unlike a free space environment where the primary losses are due to the target materials and the roundtrip free-space path loss, the through-the-wall environment contains an obstacle in the form of a wall that introduces new losses due to the constitutive parameters of the wall materials. For most common wall materials, the parameters are frequency dependent resulting in dispersion and distortion of the transmitted signal as it passes through the wall. Additionally, the moisture content of the walls can affect the constitutive parameters and further distort the transmitted wave. It is necessary, therefore, to estimate the losses associated with the walls. The typical bi-static radar composed of a pair of transmitting and receiving antennas, for use in imaging of a target in free-space, is shown in Figure 5 (a). In this scenario, the losses in the system can be attributed to the free-space path losses, the target losses, and the polarization mismatch between the transmitting and receiving antennas. The ratio of the transmitted to received power can be expressed in terms of these losses as well as the gains associated with the receiving and transmitting antenna through the free-space radar range equation. The corresponding bi-static system used for through-the-wall target detection is shown in Figure 5 of the wall between the bi-static antenna system and the target of interest induces further losses, which are not encountered in the freespace scenario. In order to account for the additional losses due to the wall, the free-space radar range equation can be modified by adding the round-trip transmission losses through the wall. If it is assumed that the wall of Figure 5 (b) is of infinite extent in the yz plane, then the transmission losses can be accounted for by using the analytical expression for transmission coefficient T of the wall with given constitutive parameters ε r , µ r , and tan(δ). For roundtrip propagation, the wave encounters the wall twice; once from the transmit antenna to the target and then again from the target to the receive antenna. This process results in the original wave being modified twice by the transmission coefficient associated with the wall; once as a function of the transmit angles (θ t , φ t ) and then as a function of the receive angles (θ r , φ r ). Considering the general bi-static case where the transmit and receive angles are not equivalent, the modified Radar range equation can then be written as
where λ is the free-space wavelength, σ is the target's free-space RCS, and G t and G r are the respective power gains associated with the transmitting and receiving antennas at distances R t and R r from the target, respectively. The final term in (2) accounts for the polarization mismatch between the scattered wave and the receiving antenna, with complex unit-vectors a w and a r , respectively. It is worth noting that G r and G t are functions of frequency, f, as well as the respective azimuth (φ r , φ t ) and elevation (θ r , θ t ) angles with respect to the normal. The target's RCS, σ, is a function of frequency as well as the azimuth and elevation angles of both antennas as depicted in Figure 5 . We note that the product of σ and the forward and backward wall transmission coefficients may be interpreted as the effective RCS of the target when positioned behind the wall. Although negligible for the cases presented in this paper, if it were needed the wave velocity correction due to the wall effect can be accounted for through proper calculation of R t and R r .
A simplification of (2) can be employed when the transmitting and receiving angles are equal, as is the case during monostatic operation. Under these conditions, the transmission coefficients in (2) are equal and thus can be replaced by the 4th power of the magnitude of the transmission coefficient. Furthermore, under monostatic operation the transmitting and receiving antennas are the same with no polarization mismatch, thus allowing the modified radar range equation to be further simplified. It should be noted that the modified radar range equation in (2) does not include the power reflected from the wall itself. The wall reflected power [33] is proportional to |R| 2 , where R is the wall reflection coefficient given in (3a).
In order to properly employ (2) the expressions for the reflection and transmission coefficients of a lossy dielectric slab can be used. Although the transmission and reflection coefficients can be easily determined for a multi-layer wall scenario, as depicted in Figure 6 , this is not necessary for this study since the walls considered here are either physically composed of a single layer or effectively may be considered a single layer since the corresponding measured complex permittivity used in our formulation assumes a single dielectric slab model in the free-space parameter extraction outlined in Section 2. In general, it is well-known that the reflection and transmission coefficients, Γ and T , of an N -layer wall can be developed iteratively by considering the geometry of Figure 6 wherein a uniform plane wave is incident at an oblique angle θ o with respect to the normal to the front of the wall.
For the general case of a N layer multi-layer wall depicted in Figure 6 , the reflection and transmission coefficients can be written as: Figure 6 . Multi-layer wall configuration.
where the values of C and B can be found from
And the ABCD matrix associated with the nth layer can be expressed as:
with
, for TE case
The complex relative permittivity in (6)- (7) can be expressed in terms of its relative permittivity ε r and loss tangent tan(δ) as
It should be noted that, in the case of cinder blocks, the wall is no longer homogeneous as it now contains multiple air-dielectric interfaces and, thus, must be considered as heterogeneous. The introduction of the internal air-dielectric boundaries produces multiple reverberations and Bragg effects, which, strictly speaking, require that the cinder block be taken as an anisotropic medium. In order to represent this anisotropic medium in the power estimations preformed herein, measured material parameters are considered, which represent the effective values of the constitutive parameters, for a given polarization, when the cinder block is assumed to be a single layer lossy homogeneous slab. Under this assumption, the effective parameters then can be used with Equations (3a) and (3b) to generate the associated reflection and transmission coefficients for a cinder block wall.
Numerical RCS Simulations of Human and AK-47
The received power estimation from a target behind the wall in (2) requires the knowledge of the RCS of the target in freespace. In general, the RCS of a target is defined under plane wave illumination conditions. In practice, the plane wave illumination criterion can be approximated only when the target is placed a sufficient distance away from the source so that it can be considered as residing in the farfield of the same source. For canonical objects, such as a conducting sphere or a rectangular plate, the RCS can be either exactly or approximately modeled using available analytical expressions available in the literature [24] [25] [26] . For many targets of interest in through-thewall radar imaging, however, the target RCS has to be numerically evaluated. For TWRI scenarios, targets such as humans and weapons are of great interest as their detection is paramount for both civilian and military applications. The RCS associated with these two complex targets are investigated through the use of numerical electromagnetic modeling tools. These targets, together with a sphere and rectangular plate, represent a diverse collection, which is very useful for practical through-the-wall radar power estimation scenarios. We have employed full-wave electromagnetic modeling to numerically evaluate the many interactions and material effects which are not present in simple metallic structures. In the case of a human target, for example, the plethora of dielectric values and the inherent asymmetric distribution of materials within the body result in a highly complex system with an associated radar cross section that must be simulated numerically. In the case of a rifle, even though the total number of dielectric materials used in its construction is on the order of two or three, the complex features and geometry make it a prime candidate for numerical RCS evaluation.
The rifle model chosen for evaluation was that of an Avtomat Kalashnikova model 47 (AK-47) selective fire assault rifle. The AK-47 was chosen due to its pervasiveness throughout many regions where TWRI systems may be deployed. The model consisted of two materials, namely metal and wood. The metallic components were treated as perfect electric conductors (PEC) while the wooden components were assigned a permittivity (ε r = 2) and were chosen to be lossless. The AK-47 model had associated dimensions of height, width, and thickness equal to 894 mm, 256 mm, and 60 mm, respectively. For this study, the AK-47 model was simulated for three primary orientation angles in order to determine which of these would yield the largest RCS for demonstration purposes. Figure 7 depicts the CAD model of the AK-47, for the three primary orientation angles. The spherical coordinates were taken such that the θ angle was measured from the positive z-axis toward the x-y plane and the φ angle was measured from the positive x axis toward the y-z plane. The AK-47 model was numerically modeled using REMCOM's XFDTD simulation tool, which employs a Finite Difference Time Domain (FDTD) algorithm to solve complex geometries [27, 28] . For simulation purposes a frequency band wider than 1-3 GHz was investigated in order to determine the frequency trend of the AK-47 RCS. Along these lines, the frequency band of interest was chosen to be from 1 GHz to 6 GHz. In order to avoid numerical dispersion, at the upper band of interest, the XFDTD cell size was chosen to be 3 mm. This cell size resulted in a maximum calculation frequency of 10 GHz. The solution space for the AK-47 model was padded with 20 cells (60 mm) on each side to allow for proper calculations.
In addition to the AK-47, a high-fidelity CAD model of a human was also investigated using XFDTD for four primary orientations, Figure 8 shows the HiFi human model at the four primary orientation angles.
The same incident waveform was used for both the AK-47 and HiFi Human RCS investigation. The time step (∆t) of the incident signal was chosen to be 5.757 ns with a total pulse width of 50 * ∆t. For consistency, both targets were assumed to be in the far field of the radiating source allowing the simulation excitation to be that of a plane wave with amplitude 1 V/m and an associated electric field polarity in the E θ direction along the +z axis. The incident waveform was chosen to be a modulated Gaussian with frequency content above 10 dB over the range of 0.5 GHz to 10.0 GHz.
The RCS was collected for the three primary orientation angles of 0 • , 90 • and 270 • around the AK-47 with the addition of the 180 • orientation angle for the human. For each orientation, the incident angle and the collected angle were the same (i.e., monostatic operation). Figure 9 shows the radar cross section versus frequency for the AK-47 and HiFi Human models. In lieu of measured RCS values for a real AK-47, an analogue model was constructed using a plastic AK-47 with metallic paint on the portions of the model corresponding to the metallic parts of the actual rifle. The measured RCS of this constructed model is included for comparison in Figure 9 (a) for the 0 • angle case. As seen, there is a relatively good agreement between the measured and FDTD simulated data up to about 5 GHz. As expected, however, this crudely constructed model, which does not include all the detailed features of the real AK-47 (included in the FDTD model), fails in estimation of RCS values at higher frequency ranges.
Results Using Hybrid Approach
To properly estimate the power return from a target behind a wall, the modified Radar range equation of (2) can be employed. In order to do so effectively, knowledge of the wall transmission coefficient (T ), the target's free-space radar cross section (σ), and the antennas' gain (G r,t ) and polarization (a r,w ) must be known. The wall transmission coefficient can be determined from (3b) utilizing the constitutive parameters which were measured for various wall types in Section 2. For homogeneous walls, the constitutive parameters, measured using the free-space method, are ideally independent of wall thickness and the incident angle. It is, therefore, possible to use (3b) for any arbitrary wall thickness and incident angle once the measured complex permittivity,ε r , of the wall is known. As was discussed in Section 3.2, the free-space RCS can be found through the use of analytical or numerical models. The ability to generate free-space radar cross sections using numerical electromagnetic simulation tools is desirable because it allows for the calculation of very complex targets without having to physically acquire the targets in question. Using both the measured wall characteristics and modeled free-space target RCS, it is possible to utilize (2) to model the power return from any of the aforementioned targets of interest behind various walls used in practice.
The key component of (2), which characterizes the effect of the wall on a specific target RCS under monostatic operation, is the factor σ|T | 4 . Due to the fact that this factor only consists of the wall transmission coefficient and the target RCS, it can serve as a useful metric for determining the effect of the wall on the target RCS. For the purpose of verification a numerical simulation was performed, using ANSOFT Designer, which consisted of a rectangular PEC plate behind a solid concrete wall. The PEC plate had a length and width of 40 cm × 40 cm and was placed at various distances behind a solid concrete wall. The simulated wall had a downrange thickness of 146 mm, and a frequency independent permittivity of ε r = 7.66 which corresponds to the average permittivity of the measured solid concrete wall as presented in Figure 2 . The simulation was performed for both a lossless case (tan(δ) = 0) and a lossy frequency independent case (tan(δ) = 0.157) where the value of the loss tangent was taken to be the average of the measured loss tangent for the solid concrete wall depicted in Figure 2 . For both the lossless and lossy case, the target was placed at 10λ behind the wall when λ was calculated at 1 GHz. Since the proposed method assumes the target is in the farfield, further simulations were performed in order to investigate the effect of placing the target at distances such that it was no longer in the far-field. The target was simulated at distances of λ/3, 1λ, and 3.3λ behind both the lossless and lossy concrete walls. The resulting target RCS, modified by the wall, corresponds to the σ|T | 4 metric mentioned previously. As such, for comparison purposes, the σ|T | 4 factor was calculated analytically for a rectangular PEC plate placed behind both a lossless and lossy wall with the same dimensions as the aforementioned numerical simulation. Figure 10 compares the analytical and numerically simulated σ|T | 4 values over a 1 GHz to 3 GHz frequency range. It is clear from Figure 10 that the analytical and 10λ case have a good agreement in σ|T | 4 in both the lossless and lossy wall cases. As the target is moved closer to the wall it is apparent that the analytical model is within an acceptable margin of error for the 3.3λ case, however it is not sufficient to account for the near-field effects clearly depicted by both the 1λ and λ/3 cases. The proposed hybrid (aggregate) approach, therefore, should be used primarily for targets in the far-field and will acceptably approximate targets at distances slightly short of far-field. It should not, however, be considered accurate enough to be used for targets within the near-field. With this constraint in mind, all following examples are for targets in the far-field. Figure 11 depicts the σ|T | 4 metric for various wall types and the four targets of interest. The orientation angles of the AK-47 and Human models used for Figure 11 , and all subsequent figures, correspond to 0 • and 90 • respectively. In order to assess the power returns, helpful in system design considerations, in a typical TWRI scenario, the received power from all four targets (sphere, rectangular plate, AK-47, and Human), when placed behind the five wall types, are calculated using the proposed hybrid approach. The power estimation calculations are performed assuming the monostatic radar operation. For all results presented hereafter, the distance between the transmit/receive antenna and the target is taken to be 5 m, which represents common standoff distance for TWRI, and the antenna is assumed to be a standard gain horn antenna with a gain of 10 dBi. Figure 12 depicts the received power from the four targets over the frequency band of interest, from 1 GHz to 3 GHz, for brick, drywall, cinder block, solid concrete, and plywood, denoted by (+, •, o, , * ) respectively. These results clearly show that a system dynamic range of better than −80 dB is desired for detection of the human and AK-47 targets behind solid and hollow concrete walls in the 1-3 GHz frequency band. We note that Figures 11 and  12 are depicting the effective RCS of the targets in the presence of the walls and the received power for a given wall-target combination respectively. As such, these plots do not give any information about locating or identifying the targets. They should be used as a guide to system development to determine the power return levels for walltarget combinations of interest.
The results in Figure 12 correspond to a monostatic situation where it is assumed that all target's aspect angles are within the antenna's main beam and within a few degrees from the normal angle of θ = 0 • . For a bistatic TWRI scenario both wall transmission coefficients, T t and T r , and the target's RCS dependence on transmit and received angles in (2) affect the received power. To show the decrease in power levels for off-normal incident and received angles we have plotted the received power for the example of a square PEC plate in Figure 13 , now assuming that the transmit and the receive antennas are located at θ t = θ and θ = −θ with respect to the normal incidence. The results are plotted for φ t = φ r = 0 • . As seen, the received power in this case drops as much as 10 dB, for the plywood wall, and 18 dB, for the concrete wall, as θ varies from 0 to 75 degrees. We note that due to the symmetry of the target geometry and the symmetric positioning of transmit and receive antennas in this example, the reduction in power is mainly due to the wall transmission coefficient and not the angular dependence of the target's RCS. It is desirable to understand the effects of the hydration (wetness) of building walls on the received power from targets of interests behind walls for various through-the-wall imaging applications. As previously stated, with the above aggregate approach it is not necessary that each target be measured behind the wall during each stage of hydration. Rather, it is only necessary that the constitutive parameters be measured at each stage. The wall transmission coefficient can then be determined for the new parameters and applied to the modified radar range equation of (2) . This greatly reduces the time required to calculate power returns as compared to the conventional method wherein it is necessary to measure or numerically compute each target behind every wall type under different wall conditions independently.
To demonstrate the effects of hydration on typical TWRI power returns, a solid concrete wall was chosen. The measured constitutive Figure 13 . Wall effects on bi-static received powers for rectangular plate target behind plywood and concrete walls. parameters were used in the power calculations. Figure 14 depicts the estimated power returns from the four targets in question over the 1 GHz to 3 GHz frequency band at various stages during the drying period. As previously stated, the orientation angles of the AK-47 and Human models correspond to 0 • and 90 • respectively. It is apparent from Figure 14 that as the moisture content decreases from the 0-hour case to the 47-hour case, the received power decreases by about 3 dB at 1 GHz and as much as 30 dB at 3 GHz for all four targets of interest.
CONCLUSION
In this paper, measured results for complex permittivity of some commonly used walls under different hydration (wetness) conditions were presented and a new simple approach for the estimation of power returns from targets of interest located behind building walls was discussed. In particular, a frequency-domain wall parameter measurement system was employed to measure constitutive parameters for drywall, plywood, brick, cinder block, and concrete block walls under different hydration conditions, which can then be used to determine the transmission and reflection coefficients analytically for a wall of arbitrary thickness and for different incident angles. The measured wall parameters and modeled free-space target radar cross sections, notably those of a material accurate AK-47 assault rifle and a high-fidelity human model, were subsequently used in combination with a modified radar range equation to determine the return power from various targets of interest when they were placed behind the aforementioned wall types. This simple hybrid approach to target power estimation for TWRI applications was also employed in the study of the effect of moisture content in solid concrete blocks on the returned power levels for the considered targets. It was found that high moisture content in solid concrete walls can decrease the received power of a target of interest by as much as 18 to 20 dB within the 1-3 GHz band. The proposed hybrid model offers a robust method for determining the power returns from a target of interest in a through-the-wall imaging environment. In particular, the ability to use measured wall constitutive parameters in conjunction with the known or modeled free-space RCS of a target can readily yield insights into the effects of various physical wall conditions on the power return from any complex target, which may be helpful in design of TWRI systems with scenario-specific dynamic range.
